Regulation of enzyme synthesis in microorganisms in many instances is controlled by the intracellular concentration of small molecular compounds.' Regulation may be positive in the sense that an inducer is required for synthesis, or negative in that synthesis occurs because of release from repression. For example, tyrosinase of Neurospora is regulated by both inductive and.xepressive mechanisms: an increase in the sulfur content of the mediumna represses tyrosinase synthesis and the enzyme is induced by aromatic amino acids.2 A few examples of inductive and repressive effects have been described in cells of higher organisms in tissue culture.3-7 Alkaline phosphatase in certain strains of mammalian cells is induced by adrenal glucocorticoid hormones or by a substrate of the enzyme, such as phenyl phosphate.8-12 In general, skin fibroblasts are induced by substrates but not by hormone, whereas epithelial cell lines are induced by hormone but not by substrates. However, several lines of both epithelial and fibroblastic type are induced to form alkaline phosphatase by both hormone and substrate.9 12 In microorganisms alkaline phosphatase synthesis is repressed by inorganic phosphate in the medium.13 The enzyme in mammalian cells is independent of the concentration of inorganic phosphate.10 However, alkaline phosphatase in certain inducible and constitutive mammalian cell strains is decreased on incubation in fresh growth medium, suggesting that a repressor may be present.9' 10, 14 Other evidence for a repressor in fresh medium may be inferred from the following observations: (1) Medium in which cells have grown for at least 20 days is able to induce high alkaline phosphatase activity within a few days in skin fibroblasts.9 The aged, inducing medium, is referred to as "conditioned" medium. (2) Substrate induction of most skin fibroblastic strains by phenyl phosphate requires 7 to 10 days.9 However, when skin fibroblasts of an inducible strain are inoculated into medium containing phenyl phosphate in which other cells have been previously induced, a more prompt induction of alkaline phosphatase occurs within 3 to 5 days. (3) Dilution of "conditioned" medium with a small amount of fresh medium destroys its inducing activity.9 These findings suggest that "conditioning" of medium both with and without phenyl phosphate involves removal of a repressor present in fresh medium.
Regulation of enzyme synthesis in microorganisms in many instances is controlled by the intracellular concentration of small molecular compounds.' Regulation may be positive in the sense that an inducer is required for synthesis, or negative in that synthesis occurs because of release from repression. For example, tyrosinase of Neurospora is regulated by both inductive and.xepressive mechanisms: an increase in the sulfur content of the mediumna represses tyrosinase synthesis and the enzyme is induced by aromatic amino acids.2 A few examples of inductive and repressive effects have been described in cells of higher organisms in tissue culture.3-7 Alkaline phosphatase in certain strains of mammalian cells is induced by adrenal glucocorticoid hormones or by a substrate of the enzyme, such as phenyl phosphate. [8] [9] [10] [11] [12] In general, skin fibroblasts are induced by substrates but not by hormone, whereas epithelial cell lines are induced by hormone but not by substrates. However, several lines of both epithelial and fibroblastic type are induced to form alkaline phosphatase by both hormone and substrate.9 12 In microorganisms alkaline phosphatase synthesis is repressed by inorganic phosphate in the medium. 13 The enzyme in mammalian cells is independent of the concentration of inorganic phosphate.10 However, alkaline phosphatase in certain inducible and constitutive mammalian cell strains is decreased on incubation in fresh growth medium, suggesting that a repressor may be present. 9' 10, 14 Other evidence for a repressor in fresh medium may be inferred from the following observations: (1) Medium in which cells have grown for at least 20 days is able to induce high alkaline phosphatase activity within a few days in skin fibroblasts. 9 The aged, inducing medium, is referred to as "conditioned" medium. (2) Substrate induction of most skin fibroblastic strains by phenyl phosphate requires 7 to 10 days.9 However, when skin fibroblasts of an inducible strain are inoculated into medium containing phenyl phosphate in which other cells have been previously induced, a more prompt induction of alkaline phosphatase occurs within 3 to 5 days. (3) Dilution of "conditioned" medium with a small amount of fresh medium destroys its inducing activity.9 These findings suggest that "conditioning" of medium both with and without phenyl phosphate involves removal of a repressor present in fresh medium.
The following experiments indicate that L cyst(e)ine is the repressor or is converted to one.
Methods and Materials.-Cell lines: The methods used have been described previously. 9' 10 The skin cell strains are uncloned, diploid, human fibroblast-like cells established in culture following trypsinization of foreskin. The cultures were grown on glass surfaces in Waymouth's medium containing either 10% calf serum or 10% human serum.
Two HeLa lines were studied. "Ch" is a constitutive, prednisolone noninducible strain obtained from Mr. Lawrence Chessin and grown in Waymouth's medium with 10% calf serum. HeLa S3, furnished by Dr. Harold Nitowsky, has low alkaline phosphatase activity which is inducible by prednisolone. It was grown in Waymouth's medium containing 10% human serum. 504
Cultural methods: (a) Maintenance conditions: The cells from several bottles were pooled and aliquots from this pool were inoculated into the number of bottles required for a particular experiment. To minimize variations in alkaline phosphatase activity between replicate bottles, the inoculum in most experiments was between 800,000 and 1,500,000 cells. Inocula of this size gave a confluent monolayer in 2 or 3 days. The medium was then decanted, and the monolayer was washed twice with Puck's saline.16 "Maintenance medium" consisting of 10 ml of Puck's saline containing 10% calf serum was added to each bottle. In this maintenance medium there is no measurable net protein synthesis, although protein turnover is active as shown by the incorporation of radioactive leucine. To the bottles various vitamins, amino acids, and nutrient mixtures were then added to yield the final concentration of Eagle's minimum essential medium. 16 Cystine and cysteine were used also in the concentration found in Waymouth's medium. In all experiments equal numbers of replicate bottles incubated in maintenance medium without the addition of amino acids or vitamins served as controls. Alkaline and acid phosphatase and total cell protein of duplicate and triplicate bottles varied less than 20% when the cell monolayers had been grown for less than 5 days prior to the repression experiments described below. The alkaline and acid phosphatase activity of the cell strains varied somewhat between different experiments. Therefore, the results are expressed as a percentage of the specific alkaline and acid phosphatase activity of replicate control bottles incubated for the same interval in maintenance medium. (b) Growth experiments: In addition to maintenance conditions, experiments were carried out with growing 6-to 7-day-old replicate cultures of fibroblasts in Waymouth's medium. Three days before the cells were harvested the amino acid or amino acid mixture under study was added to the medium. Controls were unsupplemented replicate cultures grown for the same interval. Specific alkaline phosphatase activity of cultures grown in medium with added amino acids was compared to the specific alkaline phosphatase activity of the replicate controls. Pooled "conditioned" Waymouth's medium was prepared as previously described. 9 Assay methods: The methods used in the preparation of deoxycholate lysates of cell cultures and the assay of alkaline and acid phosphatase activity have been described.10 Protein determinations were carried out by the method of Lowry et al.'7 on an aliquot of the deoxycholate lysate.
Inhibition of alkaline phosphatase activity by L cysteine: Alkaline phosphatase from human kidney cortex was partially purified by a modification of Morton's method.'8 It showed 30-fold increase in specific activity. The partially purified kidney enzyme and crude alkaline phosphatase from deoxycholate lysed tissue culture cells were reacted at pH 8.1 and pH 8.8 with 2-fold dilutions of L cysteine in 0.1 M barbital buffer. The results were similar with deoxycholate lysates of cells and a partially purified kidney preparation. Following incubation of the enzyme and cysteine at room temperature for 5 min substrate was added at various pH values and the final pH of the enzyme-cysteine-substrate mixture was measured. The activity of enzyme and cysteine mixtures was compared to the activity of the enzyme incubated in barbital buffer under the same conditions.
Results.-Repression of skin cell alkaline phosphatase under maintenance conditions: amino mixture. When the 12 essential amino acids are added to maintenance medium in groups of three, only the mixture containing L cystine represses alkaline phosphatase. Cultures incubated in maintenance medium containing 11 essential amino acids but lacking cystine show no reduction in alkaline phosphatase activity. The repressing effect of the mixture of 12 essential amino acids, therefore, appears to be due to L cystine or L cysteine. L cystine in the concentration present in Eagle's medium (0.1 mM) has little repressing activity when used alone. However, as shown in Table 1 , the presence of other essential amino acids greatly enhances repression of alkaline phosphatase when 0.1 mM L cystine is present. L cysteine 0.8 mM, the concentration in Waymouth's medium, and 0.4 mM cysteine repress alkaline phosphatase activity about 5-fold. L cystine and L cysteine in equivalent concentration with respect to the cysteine moiety are equally effective. The acid phosphatase activity of cultures incubated in maintenance medium with addition of components of Eagle's minimal essential medium is slightly increased.
This increase probably reflects the enhanced protein turnover. In contrast to alkaline phosphatase activity, acid phosphatase is not affected by adding L cystine or L cysteine to maintenance medium.
Repression of skin cell alkaline phosphatase in Waymouth's medium: Alkaline phosphatase is also repressed by L cyst(e)ine in growing cell cultures as shown in Table 2 . Cystine 0.1 mM, the concentration in Eagle's medium, and cysteine 0.8 mM, the concentration present in Waymouth's medium, are effective repressors of alkaline phosphatase in growing cultures. Glutathione and Eagle's essential amino acid mixture also repress alkaline phosphatase presumably because of their cyst(e)ine content. Acid phosphatase activity was unchanged by growth in medium with L cyst(e)ine.
Although not as extensively studied, epithelial cell lines have a different response. An alkaline phosphatase constitutive, prednisolone noninducible HeLa strain "Ch," showed 40 to 60 per cent reduction in alkaline phosphatase activity when grown in Waymouth's medium supplemented with cysteine as described above. A "prednisolone" inducible HeLa strain S3, on the other hand, has little alkaline phosphatase activity and this is not decreased by growth in Waymouth's medium with added cysteine. Prednisolone induction of alkaline phosphatase in this strain is as effective in the presence of added cysteine as in medium without added cysteine. Effect of adding cysteine to "conditioned" Waymouth's medium: Table 3 shows that skin fibroblast cultures grown in "conditioned" Waymouth's medium for 2 days develop high alkaline phosphatase activity when compared to replicate controls grown in fresh Waymouth's medium. When L cysteine was added to "conditioned" medium, its capacity to permit synthesis of alkaline phosphatase was abolished. Addition of the 11 other essential amino acids had no effect upon "conditioned" medium.
Acid phosphatase activity was unaffected under any of the conditions listed in Table 3 .
Kinetics of repression of skin cell alkaline phosphatase: Table 4 shows the kinetics of repression by L cysteine of alkaline phosphatase of human fibroblasts incubated in maintenance medium. Little or no decrease in alkaline phosphatase activity is present at 2 hr or at 6 hr. At 24 hr alkaline phosphatase activity is reduced to approximately 50 to 70 per cent of the control value. The difference in alkaline phosphatase activity at 24 hr is due to a rise in alkaline phosphatase activity of the control cultures incubated in maintenance medium, whereas enzyme activity of the cultures incubated with added cysteine is unchanged. At 48 hr there is a marked decrease in alkaline phosphatase activity of the cultures incubated in the presence of cysteine. Control cultures incubated for 48 hr without cysteine show either a modest rise in alkaline phosphatase activity or no significant difference from the 24-hr enzyme activity. Acid phosphatase activity is unchanged.
Inhibition of alkaline phosphatase activity by cysteine: Sulfhydryl compounds are known to inhibit alkaline phosphatase activity of the crude and partially purified enzyme.19 20 However, pH values above 8.7 are required for marked inhibition unless high concentrations of cysteine (4.0 mM) are used. Table 5 demonstrates that the pH at which partially purified kidney enzyme and cysteine interact determines the degree of inhibition. As shown in Table 5 , at pH 8.1 high concentrations 15 to 30 per cent of the inhibited enzyme activity can be restored by dialysis against Tris buffer at pH 7.8. In contrast to the partial reversibility of alkaline phosphatase activity inhibited by cysteine, the enzyme prepared from skin fibroblasts which had been repressed by cysteine showed no increase in activity following dialysis. Discussion.-That cysteine-mediated repression of alkaline phosphatase is an interference with enzyme synthesis or activation and not sulfhydryl inhibition of the enzyme is suggested by the following evidence: (1) Kinetic studies show no difference at 6 hr in the alkaline phosphatase activity of cultures incubated in maintenance medium with or without L cysteine,,even though cyst(e)ine enters the amino acid pool within 30 min and is concentrated to approximately twice the medium concentration.2"-23 At 24 hr the enzyme activity of cultures incubated with cysteine is the same as in the 6-hr cultures. In contrast, replicate cultures in maintenance medium alone at 24 hr have a moderate increase in alkaline phosphatase. The enzyme is markedly repressed in cultures after 48 hr of incubation in medium with cysteine, whereas replicate cultures in maintenance medium alone show a modest continuing rise in enzyme activity. These kinetic data are more compatible with repression of alkaline phosphatase synthesis than inhibition of enzyme activity. (2) Inhibition of solutions or suspensions of alkaline phosphatase by cysteine requires either a high concentration of cysteine or pH above 8.8. Intracellular concentrations of cyst(e)ine that have been reported21-23 would appear to be too low to inhibit enzyme activity significantly. On the other hand it is possible that slow inactivation of the enzyme at pH values below 8.8 in the presence of low concentrations of cysteine might be responsible for the long time period required before marked depression of enzyme activity occurs. (3) Inhibition of alkaline phosphatase activity by cysteine at pH 8.1 and at pH 8.8 is partially reversible by dialysis. However, dialysis does not increase the alkaline phosphatase activity of deoxycholate lysates prepared from cysteine-repressed fibroblast cultures. (4) Formation of HeLa S3 alkaline phosphatase is not repressed in growing cultures by medium supplemented with cysteine even though the HeLa S3 enzyme activity is markedly inhibited.
The mechanism responsible for cyst(e)ine-mediated repression of alkaline phosphatase is not known. It should be noted that in certain E. coli strains cyst(e)ine represses several enzymes necessary for uracil biosynthesis.24 Low concentrations of uracil (1-2 jig) reverse the cysteine inhibition in bacteria.24 Preliminary experiments indicate that the addition of 500 ,ug/ml uracil to our maintenance medium does not prevent alkaline phosphatase repression by cyst(e)ine.
A number of repressors of enzyme synthesis in bacteria also inhibit the activity of the enzyme. In E. coli the first enzyme unique to pyrimidine biosynthesis, aspartate transcarbamlyase, is repressed and inhibited by a cytosine derivative.25 Similarly, arginine is both an inhibitor of the initial enzyme and a repressor of several enzymes involved in E. coli biosynthesis of arginine.26 End-product inhibition of both enzyme activity and enzyme synthesis in bacteria appears to regulate and adapt cellular metabolism to the environment. It should be noted in this regard that whereas end-product inhibition is almost completely reversible upon dialysis, inhibition of mammalian alkaline phosphatase by cysteine shows partial reversibility under the conditions of our experiments.
In contrast to bacteria where a clear-cut relationship exists between enzyme and end-product repression, the relation of mammalian cell alkaline phosphatase to cyst(e)ine repression is obscure. Alkaline phosphatase content of cultured cells changes during growth and multiplication with the highest activity occurring during mitosis. The enzyme is concentrated on chromosomes, mitotic spindle fibers, and in the cytoplasm except for the equatorial plane.'0 Sulfhydryl compounds are important in mitosis, especially in the formation of spindle fibers and the mitotic apparatus. 27 It is possible that the effects of cyst(e)ine on alkaline phosphatase are important in controlling certain aspects of mitosis.
The restricted distribution of constitutive alkaline phosphatase among different adult tissues and the development of the enzyme under special conditions, such as
